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An equivalent c i r c u i t  f o r  a d is t r ibu ted  super- 
conductive energy converter, the  operation of which 
i s  based on the pr inciple  of f l u x  conservation i n  
superconducting loops, is  presented. The Laplace 
transformation is  used t o  analyze the  c i r c u i t ,  and 
t h e  solut ions are examined i n  order t o  optimize the 
operation of t h e  device. While previously only dc 
operat ion of such a device ha5 been real ized,  it is  
~.:n_nul. herein  t h a t  under cer ta in  conditions a low 
frequency ac  mode can be achieved. ,_ 

!5e pr inc ip le  of f l u x  conservation i n  a mul- 
t i p l y  csnnected superconductor has been u t i l i z e d  86 

t h e  b a s i s  of a aechanoelectr ical  energy converter.1 
I n  t h e  c i t e d  reference the f l u x  of a magnet is  
trapped i n  a normal hole of a t r i p l y  connected 
superconductor (Fig. 1). If t h e  magnet is  rotated 
mechanically, f l u x  from t h e  magnet continuously 
l i n k s  t h e  load inductor s ince  the  f l u x  is con- 
served i n  each loop of t h e  t r i p l y  connected system. 
Current i s  thus b u i l t  up i n  t h e  load inductor. Tne 
l i m i t  of  t h e  device i s  t h e  c r i t i c a l  current of the 
load inductor  s ince above t h i s  current  t h e  load be- 
comes normally conducting. 

Since the  change of load current  per cycle of 
magnet ro ta t ion  a is  small, the  converter i s  
e s s e n t i a l l y  a dc generator. 
increase of a arld t o  optimize t h e  operation of 
t h e  converter, an analysis  of t h i s  type of device 
i s  needed. 

I n  order t o  r e a l i z e  an 

The theore t ica l  analysis  of t h e  converter 
shown i n  Fig. 1 is exceedingly d i f f i c u l t  because of 
t h e  complexity of t h e  current d i s t r ibu t ion  i n  the 
superconducting d isk  and t h e  lack of symmetry of 
t h e  device as a whole. The l a c k  of symmetry may be 
overcome by considering a 3 is t r ibu ted  superconduc- 
t i v e  energy converter (EX) shown i n  Fig. 2 ( for  
s impl ic i ty  only threefold symmetry is shown). The 
angle between two adjacent inductors (and two ad- 
jacent  holes)  is  120°. 

The purpose of t h i s  paper is t o  present an 
"equivalent c i rcu i t "  analysis  f o r  a EM: w i t h  
N-fold symmetry. The requirements f o r  optimum 
operation of the  DSEC w i l l  be derived. V e r y  l o w  

'J. Volger and P. S. A d m i r a ,  "A Dynamo for 
Generating a Pers i s ten t  Current i n  a Superconduct- 
ing Circui t ,"  Physics Let te rs ,  vol. 2, p. 257, 
1962. 

frequency ac operation w i l l  be shown t o  be possible, 
and a typica l  design f o r  such a mode w i l l  be dis-  
cussed. 2 
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I n  Figs. 3(a)  and (b), one sect ion of an 
N-fold symmetric E E C  i s  shown. I n  t h e  N-fold sym- 
metric DSEC, the  N load inductors a r e  equally 
spaced ( the  angle between two adjacent inductors i s  
36Oo/N). Similar ly  the  normally conducting holes 
remain equally spaced during t h e  magnet rotat ion.  
The smallest spacing between t h e  perimeters of two 
adjacent holes w i l l  be assumed t o  be smaller than 
t h e  hole radius. I n  t h i s  case, the  current  w i l l  be 
confined t o  narrow paths, and an equivalent c i r c u i t  
analysis  i s  jus t i f ied .  

An equivalent c i r c u i t  f o r  one sec t ion  of t h e  
N-fold s y m e t r i c  E E C  is  shorn i n  Fig. 3(c) .  The 
inductances associated with t h e  current  paths 
around the  normally conducting holes are $ and 
Lp. As a hole passes under Lg, L1 varies from 
zero t o  k, and $ varies from t o  zero. 
Assume t h a t  n - 1 holes have passed under Lg. 
The dynamics of t h e  passage of the  nth hole w i l l  
now be described. The current  i n  each element of 
t h e  equivalent c i r c u i t  (and t h e  values of % and 
L2) before t h e  hole passes under LO w i l l  be de- 
noted by t h e  addi t ional  subscr ipt  B. After t h e  
nth hole has passed under Lg, the  subscr ipt  A 
w i l l  be used. When nei ther  A nor B i s  used it 
w i l l  be understood t h a t  t h e  quantity is expressed 
a t  an a r b i t r a r y  time. 

Because of the  per iodic i ty  of t h e  s t r u c t u r e  i n  
question, it i s  evident from Fig. 3 (c)  t h a t  a t  
every i n s t a n t  of t i m e  

il = i4 

and 

2 
During t h e  wri t ing of this paper, a s imi la r  

symmetrical design w a s  presented by S. L. Wipf, "A 
Superconducting D.C. Generator," S c i e n t i f i c  Paper 
63-12@-280-PS Westinghouse Research Laboratories. 
Since only a rough analysis  w a s  used t o  explain t h e  
experimental results, t h e  analysis  i n  t h i s  paper 
can be u t i l i z e d  t o  make the  Wipf design more effi- 
c i e n t  and adapt this type of generator f o r  ac oper- 
ation. 
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The f i r s t  modification, shown i n  Fig. 4(a) , 
makes use of a rectangular hole. 
increase since i s  a measure of the cur- 
r e n t  flowing i n  a circumferential d i rec t ion  i n  the 
disk. By properly shaping the magnets, the rec- 
tangular geometry is eas i ly  realized. A magneti- 
ca l ly  permeable coating i s  a l s o  indicated. This 
coating tends t o  increase and Lp more than 
it increases Lo. While the condition q >> 1 
w i l l  probably not be attained, a l a rge r  value than 
that of the design i n  Fig. 2 seems l ike ly .  

This tends t o  

The second modification, shown i n  Fig. 4(b) ,  
consis ts  of using inductive elements i n  place of 
the disk. 
conductors except for  the shaded portions,  which 
simulate holes. The advantage of this scheme i s  
that the  values of Ls and Lp can be controlled. 
It i s  expected t h a t  t h i s  design w i l l  be superior 
t o  the  f i r s t  modification. 

A l l  wires a re  high c r i t i c a l  f i e l d  super- 

c o m ~ I o N s  

P-? p..d.ly:ls nf  the equivalent c i r c u i t  of the 
CGEC ind ica tes  the poss ib i l i t y  of e f f i c i e n t  
mechanoelectrical energy conversion. The equiva- 
l e n t  c i r c u i t  used, however, is only an approxima- 
t i o n  t o  the  physical converter. The approximation 
i s  v a l i d  i f  the current i s  confined t o  narrow 
paths, approximating lumped element behavior. The 
ana lys i s  does not take i n t o  account hys te res i s  
e f f ec t s ;  however, this e f f ec t  i s  judged t o  be 
small and i n  any case does not influence the build- 
up of f lux  i n  the load but only decreases the 
amount of recoverable energy. It was a lso assumed 
t h a t  t he  response of the hole t o  the  motion of the 
magnet is instantaneous. Such an approximation i s  
va l id  fo r  ro t a t iona l  speeds t h a t  a r e  l e s s  than 
50 r p u ~ . ~  
similar t o  t h a t  shown i n  Fig. 2, a current of 
40 amperes can be generated a f t e r  3600 turns. Ram 
equations (12 )  and (14)  it appears t ha t  this a m G U t  
of cur ren t  could be generated i n  a f ract ion of a 
tu rn  i f  the second modified design proposed herein 
i s  used. Thus, i f  the  magnet a r ray  osc i l l a t e s  
about an equilibrium pos i t ion  as was mentioned 
e a r l i e r ,  it is  expected that ac currents of t he  
order of 40 amperes and a frequency of 1 cps can 
be real ized.  

Wipf2 has shown t h a t  fo r  a design 

APPEXDIX - EVALUA!I'ION OF i ( k ' )  

In order t o  f ind  i ( k ' )  when n - 1 < k'  < n 
(when the  hole is i n  an intermediate pos i t ion  
under Lo) it is  merely necessary t o  note tha t  

Solving as before shows tha t  

io ("  - 1) - kqi4(n - 1) 
iO(k') = - i 2 ( k ' )  = (A41 1 + q k ( l  - k) 

i 4 ( n  - 1) + (1 - k) iO(n  - 1) 
i3 (k1)  = 1 + qk(1 - k) (A61 

where k '  = n - 1 + k and 0 < k l l ;  i o (n  - 1) 
and i 4 ( n  - 1) are  given by equations (6) t o  (11). 

LSUPERCONDUCTING DISK 
(LOW CRITICAL FIELO) 

Figure 1. - Volger-Admiral generator. 

%A = ~ T J S  %A = (1 - k ) h  (All Figure 2. - DSEC: th reefo ld  synmetric. 

where now the subscript  A r e fe r s  t o  the instant  
t h a t  t he  hole i s  i n  an intermediate pos i t ion  be- 
tween and k2. Equations (4) and (5) 
became, respectively 

$ ( i z A  - izB) - Lo(ioA - iOB) - =SigA = 3J. Vcgler and J. van Suchtelen, "Induction 
of Heavy Pe r s i s t en t  Currents," Conference on High 
Magnetic Fields,  Their Production and Their Appiica- 
t ions,  Clarendon Laboratory, University of Oxford, 
Ju ly  10-12, 1963. 
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